Introduction {#S0001}
============

For tumor immunotherapy using any antibody drugs, it is critical to define the optimal dose for future efficacy and first-in-human (FIH) studies. Their anti-tumor effects rely on the specific recognition of the target receptor, and receptor saturation generally occurs during dose escalation. Administration of an amount above the saturation dose is not expected to provide additional therapeutic benefit, but may increase the risk of adverse reaction and toxicity. Therefore, using the maximum tolerated dose method applied to small-molecule cytotoxic agents is not suitable for antibody drugs.^[1](#CIT0001)^

Currently, the biologically effective dose (BED) concept is used for the selection of antibody dosing in clinical settings. Target engagement assessment is an important parameter for optimizing the BED of antibodies and antibody conjugates, and it can be used to construct pharmacokinetic/pharmacodynamic (PK/PD) models bridging animal and human testing.^[1](#CIT0001)--[5](#CIT0005)^ Flow cytometry,^[5](#CIT0005)--[8](#CIT0008)^ enzyme-linked immunosorbent assays (ELISAs),^[9](#CIT0009)^ and mass spectrometry^[10](#CIT0010)^ are commonly employed to measure the target saturation of monoclonal antibody (mAb) binding to the receptors of circulating blood cells, and immunohistochemistry (IHC) is usually used to assess the selective localization of target proteins in tissue specimens.^[8](#CIT0008),[11](#CIT0011)^

Studies have shown that molecular imaging can be used to assess target engagement.^[12](#CIT0012)--[14](#CIT0014)^ In 2017, Alsaid et al. investigated GSK2849330 HER3 receptor occupancy in HER3-positive xenograft tumors (BxPC3, and CHL-1) by near-infrared fluorescence optical imaging.^[12](#CIT0012)^ Another report by Burvenich et al. showed that gamma camera imaging of the ^111^In-labeled anti-DR 5 antibody CS-1008 can be used to measure DR5 target saturation in vivo.^[13](#CIT0013)^ In addition, due to its high sensitivity, high resolution, excellent quantitative performance and ability to bridge preclinical and clinical research, positron emission tomography (PET) imaging has become a powerful imaging modality for antibody drug development. In this context, the technique is also known as immunoPET.^[15](#CIT0015)\ 89^Zirconium (^89^Zr, T~1/2~: 78.4 h, Emean: 385 KeV) is an ideal radionuclide for immunoPET (^89^Zr-ImmunoPET). Similar to single-photon emission computed tomography,^[16](#CIT0016)\ 89^Zr-ImmunoPET has several advantages compared to the traditional method. First, the noninvasive approach can avoid blood collection for flow cytometry analysis, which might be difficult to consecutively obtain in small animal models.^[8](#CIT0008),[15](#CIT0015)^ Second, it can provide real-time and accurate systemic antibody IHC imaging of the whole body simultaneously, not only for all tumor lesions and their metastases but also for normal tissues, such as the spleen, which is an immune organ that is expected to predict the safety of antibody immunotherapy.^[17](#CIT0017)^

In addition to its use in PK investigations of mAbs,^[18](#CIT0018)^ including BsAbs^[19](#CIT0019),[20](#CIT0020)^ and antibody-drug conjugates (ADCs),^[21](#CIT0021)^ recent studies^[1](#CIT0001),[4](#CIT0004),[13](#CIT0013)^ have shown that the target engagement for mAbs can be assessed by PET. The assessment of BsAbs, however, is more urgent and difficult than that for canonical (i.e., monospecific) mAbs. First, analytical methods may need to be combined or modified in order to quantify more than one target, which would be more complicated than the methods used for monospecific mAbs. Second, because of the greater cytotoxicity of bispecifics such as the T-cell engaging molecules compared to canonical mAbs,^[22](#CIT0022)^ target saturation, and safety assessment are more urgent for the transition to clinical studies.

Dose selection for FIH studies of IBI322, the first anti-CD47/PD-L1 checkpoint BsAb approved by the National Medical Products Administration for clinical trials (IND No. CXSL1900125), was assessed in this study. However, similar to most other BsAbs and ADCs, the lower dosages and narrower therapeutic windows compared to canonical mAbs created many challenges. Reasonable evaluation of the safety and effectiveness of this type of antibody is an important issue. Herein, a noninvasive approach consisting of PET imaging with ^89^Zr-labeled IBI322 was used to investigate the PK, target saturation and safety assessment for rational dose selection with a modified Patlak model. Additionally, a preliminary PD study was performed to investigate the rationality of the exploratory results for therapeutic dose selection.

Results {#S0002}
=======

Conjugation and radiolabelling {#S0002-S2001}
------------------------------

The size exclusion chromatography (SEC)-high-performance liquid chromatography (HPLC) results indicate that the chemical purity of Df-IBI322 was \>98% (Supplemental Figure 2a). The affinity results show that Df-IBI322 has a high affinity for human PD-L1 and human CD47, with equilibrium dissociation constants (K~D~) of 1.35\*10^−8^ M and 1.29\*10^−9^ M, respectively (Supplemental Figure 2c).

Df-IBI322 was successfully radiolabelled with ^89^Zr with excellent yields (\>85%; non-decay corrected) and high radiochemical purity (\>99%) (Supplemental Figure 2b). High specific activities (SA) of ^89^Zr-labeled IBI322 (\~45 GBq/µmol) were achieved. The stability values of ^89^Zr-labeled IBI322 in acetate buffer at 4°C for 168 h and in human serum at 37°C for 72 h were greater than 90% (Supplementary Figure 3a, b).

Dose escalation PET imaging study {#S0002-S2002}
---------------------------------

Minimal uptake was found in muscle and brain tissues for every dosage within 168 h, and the uptake (%ID/g) of the brain and muscle was generally the same: \~0.7--1.0 after 96 h. Radioactivity accumulated in the tumor, liver, and spleen ([Figure 1(a](#F0001)) and Supplementary Figure 4).10.1080/19420862.2020.1748322-F0001Figure 1.Results of dose escalation PET imaging with ^89^Zr-labeled IBI322. Maximum intensity projections (MIPs) of a humanized transgenic mouse (B-hCD47; genotype: h/h) bearing an MC38 tumor (hCD47 and hPDL1) (above) and coronal (middle) and transverse (below) tomograms of the tumor at 168 h. The white arrow indicates the ROI of the liver, the white dotted line indicates the ROI of the tumor, and the purple dotted line indicates the ROI of the spleen (a). Images are parameterized as %ID/g. Time-activity curves of the heart (b) and tumor (c) for each group. (d) The tumor/muscle ratios of each group at 168 h. \*\*: *p* \< .01, group 1 vs group 2, \#\#: *p* \< .01, group 2 vs group 3, &&&: *p* \< .001, group 1 vs group 3. Histograms of liver (e) and spleen (f) uptake for each group. \*: *p* \< .05, 2 h vs 168 h, \*\*: *p* \< .01, 2 h vs 168 h, \*\*\*: *p* \< .001, 2 h vs 168 h.

Tumor uptake reached a steady state at 48 h for all groups, and specific accumulation was found in the tumor for doses less than 2 mg/kg, with values of 9.36 ± 1.41 for group 1 (0.22 mg/kg) and 7.41 ± 1.56 for group 2 (0.5 mg/kg) at 168 h. No statistically significant differences appeared among the doses greater than 2 mg/kg, with values of 4.95 ± 1.49 for group 3 (2 mg/kg) and 4.52 ± 0.78 for group 5 (32 mg/kg) at 168 h ([Figure 1(c](#F0001))). Furthermore, the normalized tumor-to-muscle ratios were significantly higher at the doses of 0.22 mg/kg (12.37 ± 1.42) and 0.5 mg/kg (9.45 ± 0.46) than in the other three groups (6.48--7.27) ([Figure 1(d](#F0001))).

As CD47 expression is ubiquitous in red blood cells (RBCs), the heart is an important region of interest (ROI) to evaluate the PK and biodistribution of IBI322. The highest amount of heart uptake (%ID/g) occurred for all groups at 2 h, but the uptake decreased with dose escalation, from 25.04 ± 0.80 (0.22 mg/kg) to 14.29 ± 1.95 (32 mg/kg), after which the heart uptake (%ID/g) gradually decreased with time for each group ([Figure 1(b](#F0001))). The area under the equivalent concentration‐time curve (AUC) was linearly related to the dosage, while the half-life (t1/2) increased slightly as the dose escalated (Supplemental Figure 4), which was similar to the results of other mAbs.^[17](#CIT0017)^

Consistent with the heart uptake, as a type of tissue with abundant blood content, the overall trend of initial accumulation in the liver gradually decreased from group 1 (0.22 mg/kg) to group 5 (32 mg/kg), and the liver radioactive clearance rate gradually decreased from 26.83 ± 4.16 (2 h, n = 4) to 13.39 ± 0.61 (168 h, n = 4), *p* = .001, for group 1 (0.22 mg/kg), and from 18.28 ± 0.82 (2 h, n = 3) to 14.80 ± 1.35 (168 h, n = 3), *p* \< .05, for group 5 (32 mg/kg) ([Figure 1(e)](#F0001)).

Interestingly, as another tissue with abundant blood content, the trends of spleen uptake were not the same among the groups. In groups 1 through 3, in which the injection dose was less than 2 mg/kg, spleen uptake gradually decreased after administration. At a dose of 8 mg/kg, radioactive uptake in the spleen remained stable from 2 h to 168 h. However, for the highest dose of 32 mg/kg in group 5, spleen uptake gradually increased from 8.32 ± 0.55 (2 h, n = 3) to 11.70 ± 0.20 (168 h, n = 3), *p* \< .01 ([Figure 1(f](#F0001))).

Safety {#S0002-S2003}
------

No abnormalities in body weight were observed among the different groups ([Figure 2(a](#F0002))). However, one animal in the highest dose group (32 mg/kg) died during the 168 h of monitoring.10.1080/19420862.2020.1748322-F0002Figure 2.Results of the safety assessment from dose escalation PET imaging. The body weights of each group over the 7 d after administration (a). Histograms of liver (b) and spleen (c) uptake after intravenous injection of ^89^Zr-labeled IBI322. H&E staining of liver and spleen sections from each group. (Scale bar: 200 µm) (d). The black arrow indicates partially necrotic regions of the spleen.

Hematoxylin/eosin (H&E) staining showed no abnormal hepatocyte morphology at each dose, while slight changes in the morphology of the spleen, with partial necrosis in the animal that died, occurred at the highest dosage ([Figure 2(b](#F0002))).

Biodistribution {#S0002-S2004}
---------------

The biodistribution results were consistent with the PET imaging results in the 0.5 mg/kg group, and tumor uptake was higher than in the brain, muscle, stomach, lung, and other tissues. High and persistent radioactive concentrations were also observed in the liver (10.15 ± 1.14 at 168 h) and spleen (7.87 ± 0.07 at 168 h) ([Figure 3(a](#F0003))). The tumor uptake %ID/g was 9.31 ± 1.10, which further confirmed that IBI322 has excellent tumor-targeting properties. Additional ex vivo IHC showed abundant CD47 and PD-L1 expression in the tumors, with normal morphology ([Figure 3(b](#F0003))).10.1080/19420862.2020.1748322-F0003Figure 3.Biodistribution results. Tissue uptake (%ID/g) with the administration of 0.5 mg/kg ^89^Zr-labeled IBI322 at 72 h and 168 h in transgenic mice (B-hCD47; genotype: h/h) bearing an MC38 tumor (hCD47 and hPDL1) (a). CD47 and PD-L1 IHC staining and H&E staining of the tumors (Scale bar: 200 µm) (b). Black arrow indicates positive expression.

Pharmacokinetics and correlation analysis {#S0002-S2005}
-----------------------------------------

Radio-HPLC analysis confirmed that ^89^Zr-Df-IBI322 remained stable in the circulating blood for 168 h (Supplemental Figure 3c). [Figure 4(a](#F0004)) shows the curves of the serum concentration and blood/heart equivalent concentration with time. The PK parameters for administration with 0.5 mg/kg measured by an ELISA and the ex vivo blood equivalent concentrations are shown in [Table 2](#T0002).10.1080/19420862.2020.1748322-T0001Table 1.Dose escalation study design (n = 4).GroupActivity (MBq)Antibody massof ^89^Zr-Df-IBI322 per animal (µg)Unlabeled IBI322 per animal(µg)Dose(mg/kg)11.41 ± 0.084-500.2223.36 ± 0.088-1000.533.02 ± 0.068-1030243.04 ± 0.108-10150853.04 ± 0.168-1063032 10.1080/19420862.2020.1748322-T0002Table 2.Pharmacokinetics parameters.ParameterUnitELISARadio detectorPET (Heart)t1/2h155.13124.98145.41AUC 0-tng/ml\*h127291.32223540.9788232.42AUC 0-inf_obsng/ml\*h137922.68265996.38153726.56AUMC 0-inf_obsng/ml\*h\^22.658E+074.475E+073.057E+07MRT 0-inf_obsh192.73165.39198.84 10.1080/19420862.2020.1748322-F0004Figure 4.Results of the pharmacokinetics study. Curves show the serum concentration/blood and heart equivalent concentration over time analyzed by ELISA, radio detector, and PET imaging, respectively (a). (b to d) Pearson correlation analysis and linear regression fitting curves along the serum concentration (ng/mL) by ELISA, the blood uptake (%ID/g) determined by radio detector, and the heart uptake (%ID/g) determined by PET imaging. The dotted line represents the 95% confidence interval.

The Pearson correlation coefficients between the serum concentration analyzed with ELISA and blood or heart uptake (%ID/g) were 0.977 and 0.980, respectively. High correlations existed among the serum concentration, blood, and heart uptake (%ID/g) ([Figure 4b-d)](#F0004). Hence, the heart uptake from noninvasive PET imaging can replace the plasma concentration determined by ELISA for Patlak analysis, yielding a modified Patlak model.

Dose-dependent target engagement {#S0002-S2006}
--------------------------------

The results of the dose-escalation study suggested that the target was saturated at doses greater than 2 mg/kg. To quantify the dose-dependency, a modified Patlak model was used to model irreversible tumor accumulation for each dose group ([Figure 5(a](#F0005))). For groups 1 through 5, the parameters fitted by the linear regression method are shown in [Table 3](#T0003). The fitting equation shows that the intercept (A') of each group was basically the same, while the slope (B') varied with the dose.10.1080/19420862.2020.1748322-T0003Table 3.Fitting parameters of each group with the modified Patlak model.GroupDose (mg/kg)A'B'10.220.68810.00428420.50.55520.002991320.43880.001494480.42290.0017225320.48040.001797 10.1080/19420862.2020.1748322-F0005Figure 5.Modified Patlak plots for all dose groups (a-e) and dose-dependent tumor engagement curve (f).

Furthermore, the fitted dose-inhibition curve between tumor engagement and the administration dose was compatible, with an ID50 of 0.38 mg/kg, an ID90 of 0.63 mg/kg and a nonspecific tumor accumulation of \~35% ([Figure 5(b](#F0005))).

Preliminary pharmacodynamics study {#S0002-S2007}
----------------------------------

The tumor growth curve is shown in [Figure 6](#F0006), and the tumor growth inhibition (TGI, %) value for the IBI322 group was 112%. The optimal PD results were presented at the exploratory ID50 dose with an intra-abdominal injection once every 2 d for 7 times.10.1080/19420862.2020.1748322-F0006Figure 6.Preliminary pharmacodynamic results in NOD/SCID models bearing Raji/PD-L1 tumors (n = 6).

Discussion {#S0003}
==========

PET imaging with a ^89^Zr-labeled mAb may be used to gain better insight into the in vivo behavior of antibodies.^[1](#CIT0001),[12](#CIT0012),[13](#CIT0013)^ For any immunotherapeutic antibody evaluation, the first and foremost issue is to assess target saturation, which is helpful for effective therapy dose selection. In this study, dose escalation PET imaging was performed, and the dose-dependent target engagement was first evaluated for a BsAb.

The biodistribution and PET imaging studies showed that ^89^Zr-Df-IBI322 specifically accumulated in tumors. Since the specific uptake was measured by comparing percentages of the injected dose per gram of tissue (%ID/g) in the tumor vs. other tissues in [Figure 1](#F0001), the volume of the tumor has little effect on specific uptake. Moreover, there was no significant difference in tumor volume among dosage groups during the imaging period (168 h). In addition to target tissues, similar to most mAbs, high and persistent uptake was observed in the liver.^[17](#CIT0017),[23](#CIT0023)^

As CD47 is widely expressed in RBCs, radioactivity was also concentrated in the spleen. However, in contrast to the gradual decreasing trends of the heart, liver, and other tissues with abundant blood, the opposite trend was observed in the spleen in the highest dose group (32 mg/kg). Taking into consideration the spleen IHC results showing partial necrosis, and that the CD47 checkpoint is also overexpressed in T lymphocytes in transgenic animal models, we speculated that the abnormal gradually increasing trend of spleen uptake in the highest dosage group (32 mg/kg) may be related to safety; thus, the spleen may be an immune response tissue. Overall safety must, of course, be determined by the long-term monitoring, but PET imaging with ^89^Zr-labeled antibody is expected to be a valuable noninvasive approach for whole-body safety prediction for IBI322.

A systematic correlation analysis was performed for the PK study of IBI322 using three methods: serum ELISA, ex vivo blood radioactive uptake (%ID/g) quantified with a gamma counter, and in vivo uptake (%ID/g) of the heart determined by PET imaging. For the same blood sample, the whole blood concentration (analyzed by a radioactive detector) was 14-47% higher than the serum concentration (quantified with ELISA) from 2 h to 96 h post injection (see Supplementary Table 1), and the AUC 0-t/AUC 0-inf_obs quantified by radioactivity detection was higher than the ELISA result ([Table 2](#T0002)), which revealed that the anti-CD47/PD-L1 BsAb might specifically bind to the RBCs.

A key point of the modified Patlak model proposed is that a strong correlation was observed between the in vivo heart uptake from PET imaging and the ex vivo serum concentration analyzed by ELISA. Additionally, the AUC was fitted by the corresponding whole blood (for radio detector and PET imaging) or serum concentration (ELISA) using [equation (1)](#M0001). According to [equation (1)](#M0001) to (4) of the target engagement analysis, we inferred that under the condition that the radioactive component does not affect the blood concentration or can be calibrated, this noninvasive-modified Patlak model might be constrained to biologics with a similar convenient expression pattern.

Using our Patlak model, the dose-dependent target engagement of IBI322 can be assessed. The estimated ID90 for IBI322 is \~0.63 mg/kg, which is considerably lower than that of most mAbs (i.e., 18 mg/kg).^[4](#CIT0004)^ However, with dose escalation after target saturation, safety hazards may occur in normal tissues. Hence, the balance of efficacy and safety is more critical for BsAbs than for canonical mAbs.

For the narrow therapy windows and low effective doses of tumor-specific immunotherapeutic drugs, a high specific activity for a radiolabelled molecular probe is a prerequisite for PET imaging. In this study, we optimized the radiolabelling process to obtain a higher specific activity of ^89^Zr-labeled IBI322 (4.4 µg per animal), which is far less than the conventional masses of mAbs (16.7 µg per animal).^[24](#CIT0024)^ The radiolabelling method is very important for the integration of diagnosis and treatment in future clinical trials of IBI322.

For better clinical translation, humanized transgenic animals were used for a dose escalation PET study.^[25](#CIT0025)^ As IBI322 targets both PD-L1 and CD47, the latter is distributed in tumor and human blood, but does not exist in the mouse circulatory system. Human CD47 was knocked into the mouse genome to generate this genetically modified animal model, thus allowing the mice to bind human antibodies with human drug metabolism capacities and toxicological phenotypes similar to those of humans. Therefore, the PK results, tumor and normal tissue distributions, and target engagement assessment of IBI322 have high clinical predictability.

There are, however, some limitations to this study. First, dual targets of IBI322 were considered as a whole in the current Patlak graphical model analysis; the validity of assumption needs to be verified. For both BsAbs and canonical mAbs, target saturation is an important parameter for effective therapy dose selection.^[9](#CIT0009),[26](#CIT0026)^ According to previous reports,^[1](#CIT0001),[4](#CIT0004),[27](#CIT0027)^ the low radiolabelled dose (0.22 mg/kg) was set as a baseline, and using dynamic dose escalation PET imaging, exploratory ID50, and ID90 values were obtained for IBI322 dose selection. Second, the PET PK study was observed until 168 h, but this window was not long enough to monitor the therapeutic response. Combined with the preliminary PD study (0.34 mg/kg, seven times), we confirmed that the dose prediction was rational. To establish PK/PD modeling for this BsAb, longitudinal PD as well as PK studies should be performed in the same humanized models. Third, the correlation between the radioactive detector and the ELISA method in the PK study was carried out only at a single dose (0.5 mg/kg). For systematic verification, further investigations will be evaluated at other dose levels in future studies.

In conclusion, this ^89^Zr-labeled IBI322 PET PK imaging and preliminary PD study demonstrated the concept and feasibility of using noninvasive PET imaging to balance the safety and effectiveness of a treatment. Through systematic methodological verification, dose escalation PET imaging of a radiolabelled antibody is promising for PK/PD modeling and safety prediction of tumor immunotherapeutic drugs. This method will be important for selecting a rational dose in preclinical and clinical trials.

Materials and methods {#S0004}
=====================

Cell lines {#S0004-S2001}
----------

All cell lines were purchased from American Type Culture Collection (ATCC). The MC38-PD-L1-CD47 co-expressed cell line and the Raji-PD-L1 overexpressed cell line were generated by lentivirus using a standard protocol. CD47 and PD-L1 expression levels in MC38 cells were confirmed by flow cytometry analysis before xenografts were performed (Supplemental Figure 1).

Animal models {#S0004-S2002}
-------------

Thirty-eight female transgenic mice (B-hCD47; genotype: h/h) aged 6--8 weeks were obtained from Beijing Biocytogen Co., Ltd. for dose escalation PET imaging, biodistribution, and PK studies. Twelve female NOD-SCID mice used for preliminary PD studies were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were housed in individual ventilated cages at the Laboratory Animal Center of the Jiangsu Institute of Nuclear Medicine (Wuxi, China). To establish tumors, MC38-PD-L1-CD47 co-expressed cells (2\*10^6^ cells per animal) and PD-L1-expressing Raji cells (9\*10^6^ cells per animal) were injected subcutaneously into the right flanks of transgenic mice and NOD-SCID mice, respectively.

All procedures were approved by the Institutional Animal Care and Ethics Committee of Jiangsu Institute of Nuclear Medicine (Wuxi, China). Mice were anesthetized with continuously inhaled isoflurane (1.5-2%).

Conjugation and characterization {#S0004-S2003}
--------------------------------

IBI322 was conjugated to *p*-SCN-deferoxamine (DFO) (Macrocyclics, USA) using traditional methods with some modifications.^[28](#CIT0028)^ Briefly, a nine-fold molar excess of DFO (in 20--30 μL dimethyl sulfoxide) was added to the antibody and stirred slowly at 37°C. After 90 min of reaction, a Df-IBI322 solution was purified using a PD-10 column (GE Healthcare).

The affinity of Df-IBI322 was determined with biolayer interferometry (Pall: OctetRED96). Df-IBI322 was immobilized on an AHC biosensor (Forte Bio, USA), bound to human CD47-His (ACRO Biosystems, USA) and human PD-L1 (ACRO Biosystems, USA) in solution, and finally dissociated in sample dilution buffer (1× Phosphate Buffered Saline with 0.1% bovine serum albumin and 0.05% Tween-20). All raw data were fitted using a 1:1 binding model with ForteBio data analysis software (version: 7.0).

^89^Zr-radiolabelling {#S0004-S2004}
---------------------

^89^Zr-oxalate was obtained from Perkin Elmer, Inc. Df-IBI322 was radiolabeled with ^89^Zr using a method previously reported with some modifications.^[29](#CIT0029)^ Briefly, 40--60 μL of ^89^Zr-oxalate stock solution (\~50--75 MBq) was diluted with a nine-fold volume of 0.2 M HEPES, the pH was adjusted to 7.0 with 0.1 M Na~2~CO~3~ solution, and Df-IBI322 was then added and incubated for 1 h at 37°C at \~50--65 GBq/µmol. Amicon Ultra-2 centrifugal filters (0.5 mL and 30 kDa MWCO; Millipore) were used to purify and concentrate ^89^Zr antibodies with 0.15 M acetate buffer (pH 7.2) as the solvent, and the radiolabelling yield of ^89^Zr-labeled IBI322 was measured by radio-instant thin-layer chromatography (radio-iTLC, Bioscan Inc.) using 50 mM citrate buffer at pH 5.0 as the mobile phase and glass fiber paper as the carrier.

The radiochemical purity was determined with HPLC on a Waters 1525 instrument with an online radioactivity detector (Radiomatic 610TR, Perkin Elmer) using an SEC chromatogram (G3000SWXL, TOSOH). The stability of ^89^Zr-labeled IBI322 (\~1.85 MBq) in 0.15 M acetate buffer (500 μL, pH 7.2) at 4°C for 168 h and in human serum (500 μL) at 37°C for 72 h was assessed using radio-iTLC (Bioscan Inc.) and a gamma counter (2480 WIZARD2, Perkin Elmer, Inc.).

Dose escalation PET imaging study {#S0004-S2005}
---------------------------------

The dose-escalation study design is shown in [Table 1](#T0001) (four animals per group). All animals were imaged with microPET (Inveon, Siemens) at 2, 24, 48, 72, 96, 120, and 168 h after intravenous injection. The ordered subset expectation maximization 3D (OSEM3D) algorithm was used to reconstruct the PET data. The percentages of injected dose per gram of tissue (%ID/g) in ROIs were analyzed by an Inveon Research Workplace ASIPro (Siemens Medical Solutions) workstation.

Safety {#S0004-S2006}
------

The body weight, animal survival condition, and H&E staining of the liver/spleen were determined in the preliminary safety assessment.

Biodistribution {#S0004-S2007}
---------------

To further confirm the biodistribution of IBI322, six animals were sacrificed at 72 and 168 h (n = 3). Approximately 0.5 mg/kg ^89^Zr-Df-IBI322 (3.0--3.7 MBq per animal) was administered intravenously. Tumors and other organs were collected, weighed immediately, and assessed with a gamma counter (2480 WIZARD,^[2](#CIT0002)^ Perkin Elmer). The tissue uptake (%ID/g) was calculated.

Additionally, the tumor tissues were analyzed by IHC to detect the presence of CD47 and PD-L1 receptors using anti-CD47 (175388, Abcam) and anti-PD-L1 (205921, Abcam) primary antibodies. Routine H&E staining was also performed.

Pharmacokinetics {#S0004-S2008}
----------------

Three methods were used in the PK study: 1) the serum concentration was quantified with an ELISA, 2) ex vivo blood radioactive uptake (%ID/g) was quantified with a gamma counter, and 3) in vivo uptake (%ID/g) of the heart was determined by PET imaging.

For ex vivo serum ELISA analysis and radiolabelled blood uptake detection, 12 animals were used and intravenously injected with ^89^Zr-Df-IBI322 (0.5 mg/kg, 3.0--3.7 MBq per animal). Blood samples were collected from the eyelids (300--500 µL per animal) at 5 min, 30 min, 2 h, 24 h, 48 h, 72 h, 96 h, 168 h, 336 h, and 504 h after injection, and \~10--20 µL was used for ^89^Zr-labeled IBI322 analysis with a gamma counter (2480 WIZARD2, Perkin Elmer). The remaining blood samples were then centrifuged immediately, and serum was used for unlabeled IBI322 analysis with an indirect antigen ELISA using a microplate reader (MULTISKAN FC, Thermo) to quantify the serum IBI322 concentrations (ng/mL). An indirect antigen ELISA was used to detect IBI322. The capture agent was recombinant human PD-L1 (ACRO Biosystems; PD1-H5229), which was coated onto 96-well ELISA plates. Following overnight incubation, the plates were blocked, and the samples were added. Captured IBI322 was detected by an horseradish peroxidase-conjugated anti-human antibody (Sigma; A0293). Radioactive component analysis of serum was also performed with an HPLC instrument (Waters 1525) equipped with an online radioactivity detector (Radiomatic 610TR, Perkin Elmer) and gamma counter (2480 WIZARD2, Perkin Elmer).

For in vivo PK investigations with PET imaging, four animals were administered ^89^Zr-Df-IBI322 (0.5 mg/kg, 3.0--3.7 MBq per animal). The heart was selected as the ROI for a noninvasive PK analysis, and the uptake (%ID/g) was then calculated.

Combined with the administration information (amount of protein and dose of radioactivity), the %ID/g results of ex vivo blood uptake and in vivo heart uptake could be converted into equivalent concentrations (ng eq./mL). A noncompartmental analysis was performed for plasma concentration determination by ELISA, and blood equivalent concentrations were determined with a radio detector using linear trapezoidal fitting with Phoenix WinNonLin (version: 6.4).

Pearson correlation analyses of the results of the above three methods were performed with SPSS 19 software.

Modified Patlak model for target engagement {#S0004-S2009}
-------------------------------------------

For target saturation assessment with ^89^Zr-immunoPET, previous studies have reported that Patlak modeling can be used to separate the specific and nonspecific components of the tumor uptake.^[1](#CIT0001),[30](#CIT0030)^ As a residualizing radionuclide, ^89^Zr remains in cells after antibody internalization; thus, the specific part is related to the cumulative exposure of bound and/or degraded antibody over time, and the nonspecific part is associated with the plasma concentration and unbound antibody within the interstitial spaces of tissues. Because of the competition for receptor binding, the uptake of the target is decreased with co-injection of unlabeled antibodies. Thus, a low radiolabelled dose can be set as a baseline scan, and dose-dependent target engagement can be quantitatively evaluated by Patlak analysis by performing dynamic PET imaging.^[31](#CIT0031)^ With this model, the tumor uptake (%ID/g) can be defined as a function of the plasma radioactivity concentration Cp(t) using the following equation:^[4](#CIT0004)^ $${Tumor\ uptake}\left( {{\% ID}/g} \right) = {A \ast C}p\left( t \right) + {B \ast}\int_{0}^{t}Cp\left( \tau \right)d\tau$$

However, this classic Patlak model also requires continuous collection of blood for plasma analysis, which is difficult to obtain with small animals. In this study, a modified noninvasive Patlak model was proposed and verified. According to the results of this study and other previous reports,^[17](#CIT0017)^ the ^89^Zr-labeled antibody remained stable in the circulating blood within 168 h from radio-HPLC analysis (Supplemental Figure 3c). Additionally, a high correlation was observed between the ex vivo plasma concentration quantified with an ELISA and the in vivo heart uptake (%ID/g) with PET imaging. [Equation (1)](#M0001) can be modified as follows: $${Tumor\ uptake}\left( {{\% ID}/g} \right) = {A^{\prime} \ast Heart\ uptake}\left( {\% ID/g} \right)\left( t \right) + {B^{\prime} \ast}\int_{0}^{t}Heart\ uptake\left( {\% ID/g} \right)\left( \tau \right)d\tau$$

[Equation (2)](#M0002) can be transformed into: $${Tumor\ uptake}\left( {\% IDg} \right)/{Heart\ uptake}\left( {\% ID/g} \right)\left( t \right) = A^{\prime} + {B^{\prime} \ast}AUC\left( t \right)/{Heart\ uptake}\left( {\% ID/g} \right)\left( t \right)$$

where

A' = intercept, associated with nontarget binding components;

B' = slope, related to receptor-binding components followed by internalization after binding to receptors;

AUC(t) = area under heart uptake (%ID/g)‐time curve (0-t).

As all tumor models were established using the same method, we assumed that each tumor exhibited the same level of CD47/PDL1 expression. The lowest radiolabelled dose (\~0.22 mg/kg) was set as the baseline scan. The B'-value (slope) for each co-injection group in the dose-escalation study can be calculated as a percentage of baseline, and with the baseline dose internalization rate set to 100%, according to a previously described method,^[4](#CIT0004)^ the relative values were plotted against mass doses and fitted to a theoretical dose-inhibition curve. The constant fitting formula term indicates nonspecific internalization: $$R\left( \% \right) = {Rnsp} + \ \left( {100 - {Rnsp}} \right)/\left( {1 + 10\text{\textbackslash\textasciicircum}\left( {\left( {{LogID}50 - {Dose}} \right){\ast HillSlope}} \right)} \right)$$

where

R = ratio of the co-injection B' value to the baseline B' value, called the 'relative internalization rate', and is expressed as a percentage;

Rnsp = expected percent ratio at total inhibition of CD47/PDL1 receptor internalization;

HillSlope = steepness of the curve.

From this curve, target-mediated 50% and 90% inhibitory mass doses (ID50 and ID90) of IBI322 and the nonspecific internalization of target-mediated uptake of ^89^Zr-labeled IBI322 can be obtained.

Preliminary pharmacodynamics study {#S0004-S2010}
----------------------------------

According to the predicted efficacy dose, the NOD-SCID mice bearing PD-L1-expressing Raji tumors were randomly divided into two groups (n = 6) on the fifth-day post tumor implantation: the control group with 0.47 mg/kg h-IgG (Equitech-Bio) and the IBI322 group with 0.34 mg/kg. Intra-abdominal injection was performed once every 2 d for 7 times, and the tumor volumes were monitored twice a week for 21 d. At the end of the experiment, the tumor growth inhibition value (TGI, %) in each group was calculated.

Statistical analysis {#S0004-S2011}
--------------------

Quantitative data are expressed as the mean±standard deviation (SD), with all error bars denoting the SD. The means were compared using Student's t test, and *p* values less than 0.05 were considered statistically significant.

Abbreviations {#S0005}
=============

^89^Zr^89^Zirconium%ID/gPercentages of injected dose per gram of tissueADCsAntibody-drug conjugatesATCCAmerican Type Culture CollectionBEDBiologically effective doseBsAbsBispecific antibodiesDFO*p*-SCN-deferoxamineELISAEnzyme-linked immunosorbent assayFIHFirst-in-humanH&EHaematoxylin/eosinHPLCHigh-performance liquid chromatographyIHCimmunohistochemistrymAbsMonoclonal antibodiesOSEM3DOrdered subset expectation maximization 3DPDPharmacodynamicPETPositron emission tomographyPKPharmacokineticRadio-iTLCRadio-instant thin-layer chromatographyRBCsRed blood cellsROIsRegions of interestSECSize exclusion chromatographyTGITumor growth inhibition value
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